Symbioses between rhizobia and legumes result in the development of a highly specialized organ, the nodule. Within nodules, soil bacteria convert to an endo-symbiotic form, the bacteroids, in which atmospheric dinitrogen is reduced to ammonia. As ammonia is toxic, it is rapidly converted to amides or ureides that nourish the host plant. Initiation of nodule formation is controlled at several levels: plant roots excrete various flavonoids, some of which activate bacterial regulators of nodulation gene expression, particularly the NodD proteins (3, 42) . NodD-flavonoid complexes interact with conserved promoter regions (nod boxes) that are upstream of most nod genes. Transcription follows, and the enzymatic products of the nod genes direct the synthesis and secretion of Nod factors (lipo-chito-oligosaccharides).
Although it is clear that Nod factors allow rhizobia to penetrate the legume root (6, 46, 47) , other carbohydrates as well as proteins are needed for infection thread development and subsequent steps in nodule formation. Among these, cell surface polysaccharides of rhizobia are believed to be involved in infection thread initiation, nodule invasion, and host specificity. Unfortunately, only limited structural data on the cell surface components and on how cell surface changes are regulated during infection are available. Cultured cells of a number of Rhizobium and related species produce two forms of LPS: rough LPS (R-LPS), which consists of a lipid A membrane anchor attached to a core oligosaccharide, and smooth LPS (S-LPS), which includes an O antigen (50) . In contrast, K antigens lack a lipid anchor and are structurally distinct from the LPS (49) . Both types of cell surface polysaccharide can be separated (based on the presence of the hydrophobic lipid A moiety on the LPS), identified by polyacrylamide gel electrophoresis (PAGE) and differential staining (29) . The expression of cell surface antigens is modulated symbiotically, and several polysaccharides are at least partially modified during the transition from free-living cells to bacteroids (18, 26, 28, 51) . Noel and collaborators have shown that extracts from both seeds and roots of Phaseolus vulgaris induce structural modifications in the LPSs of Rhizobium etli (8, 9, 38, 39) . Changes induced by Proteus vulgaris extracts include loss of antigenicity, decreased abundance of the O antigen polysaccharides, and increased 2-O-methylation of the LPS.
The 87°-110°locus of pNGR234a contains a number of genes involved in flavonoid-inducible modification of cell surface polysaccharides. The proteins encoded by the rmlB-wbgA and fixF genes are necessary for the synthesis of a new, rhamnose-rich, O antigen (35, 48) . The short intergenic spacing between the rmlB, rmlD, rmlA, and wbgA open reading frames (ORFs) suggests that they form a small operon (Fig. 1) , and the proteins encoded by rmlB, rmlD, and rmlA are predicted to be involved in the synthesis of dTDP-L-rhamnose from D-glucose-1-phosphate (Table 1) . Most probably, this rhamnose forms the precursor molecules for the synthesis of the new O antigen. A gene encoding a key enzyme (dTDP-4-dehydrorhamnose 3,5-epimerase) in this synthetic pathway is not found in the rmlB-wbgA cluster; however, an ORF encoding a potential homologue is present approximately 6 kb downstream of wbgA. This ORF, y4gL, has been renamed rmlC in accordance with the nomenclature proposed for enzymes involved in bacterial polysaccharide synthesis (45) . How the dTDP-L-rhamnose is then polymerized and exported to form the rhamnan O antigen is less clear. It seems likely, however, that wbgA (encoding a glycosyl transferase) and fixF are involved; a schematic representation of the production of the rhamnan O antigen is shown in Fig. 1A .
In addition to the appearance of the rhamnan O antigen following flavonoid addition, a transcriptional study showed that rmlB, rmlD, rmlA, wbgA, and fixF are also inducible. Although up-regulation occurred later than genes involved in Nod factor synthesis (e.g., noeE), induction of rmlB, rmlD, rmlA, wbgA, and fixF was not as late as found with those genes that function only within nodules (41) . Subsequent work has shown that nod box 6 (NB6) in the promoter upstream of fixF (Fig. 1B) is probably involved in the signal transduction cascade (30) . Similarly, a new type of rhizobial cis-acting element called a tts box (TB) has been found upstream of rmlB-wbgA (Fig. 1B) . TBs are regulated by TtsI, a two-component regulatory response protein which is also required for type IIIdependent protein secretion in NGR234 (35, 56) . Thus, there are at least two regulatory pathways governing the production of the rhamnan O antigen.
In this study we have examined other genes in the 87°-110°F IG. 1. A. Proposed synthetic pathway of rhamnose and its possible adjunction to the LPS core by enzymes encoded within the 87°-110°locus. The putative roles of the RmlA to -D enzymes in the synthesis of dTDP-L-rhamnose from D-glucose-1-phosphate are shown. A predicted glycosyl transferase, WbgA, could be responsible for the polymerization of the newly synthesized rhamnose residues. FixF is thought to function in the export or attachment of the rhamnose-rich O antigen across the bacterial membrane or onto lipid A core molecules. B. Genetic map of the 87°-110°l ocus of Rhizobium sp. strain NGR234. Genes are drawn as arrows matching the sense of transcription and are colored according to their proposed function. nod boxes and tts boxes are represented by red and blue arrows, respectively. The positions of the various mutations are shown above the genes as either omega cassette insertions (⍀) or deletions followed by omega cassette insertions (⌬).
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on October 15, 2017 by guest http://jb.asm.org/ Downloaded from arc of pNGR234a for their roles in the symbiotic interaction and effects on rhamnan/surface polysaccharide synthesis, as well as extending the functional studies of rhamnan itself.
MATERIALS AND METHODS
Bacterial growth and manipulation. Escherichia coli and Rhizobium sp. strains along with their relevant characteristics are listed in Table 2 . The microbiological techniques used have been described by Lewin et al. (34) . Analysis of DNA and cloning and sequencing procedures have been published (19, 46) . Various mutants of Rhizobium sp. strain NGR234 were constructed either by inserting an antibiotic resistance omega cassette into specific genes (giving NGR⍀target gene strains) or by deleting a restriction fragment internal to the target gene and replacing it with an omega antibiotic resistance cassette (resulting in NGR⌬target gene strains) using standard techniques (12) . Promoter constructs cloned into the broad-host-range reporter vector pMP220 (52) were mobilized into NGR234 and its derivatives by triparental matings using pRK2013 as the helper plasmid (16) . Flavonoid induction was performed as follows: rhizobial cultures grown to an optical density at 600 nm (OD 600 ) of 0.5 to 0.6 were diluted to an OD 600 of 0.1 in RMS medium and induced with 2 ϫ 10 Ϫ7 M daidzein. ␤-Galactosidase activity was assayed according to the methods of Miller (37) . The results reported represent the means of at least three independent experiments.
Plant assays. Seeds were purchased from the suppliers listed by Pueppke and Broughton (43) . Nodulation ability was assayed in modified Magenta jars (33) . At harvest (6 to 8 weeks after inoculation), the nodules were sterilized, rolled on TY agar (to check for surface contamination), and cut in half. A small portion of the inner bacteroidal tissue was removed from one half and streaked out on TY (to verify the strain), while the other half was used for light and electron microscopy (22, 57) .
Polysaccharide preparation and PAGE. To extract cell-associated polysaccharides, wild-type and mutant strains were grown in RMS (4) to a final OD 600 of 0.8. Induced cultures were grown in the presence of 10 Ϫ6 M apigenin. Pelleted cells were resuspended in water and mixed with an equal volume of hot phenol (65°C). Water and phenol phases were separated by centrifugation and subsequently dialyzed against water. Polysaccharides were separated by PAGE (18% polyacrylamide) using deoxycholic acid as the detergent. Gels were prerun for 10 min (15 mA/gel) prior to loading samples, then run for 40 to 60 min (15 mA/gel), until the buffer front reached the bottom of the gel, and silver stained for LPS (55) .
RESULTS
Putative functions of the ORFs in the 87°-110°arc of pNGR234a. The ORFs within the 87°-110°region are shown in Fig. 1B . As y4gE represents only a part of a putative transposase gene, it was excluded from all further consideration. At the other edge of the locus, immediately downstream of NB7, is noeE, which encodes a sulfyryl transferase necessary for the sulfation of NGR234 Nod factors (25) . Earlier DNA sequence comparisons (19) as well as recent (September 2005) BLAST (2) searches suggest functions for many of the 12 ORFs that lie between nod boxes NB5 and NB7 ( Table 1) . Six of the ORFs probably take part in rhamnose synthesis and production of the flavonoid-inducible rhamnan O antigen (35, 48) . Further analysis of rhamnan O antigen production by these ORFs was undertaken, and the role of this new LPS structure was tested in a variety of NGR234 legume hosts. As no evidence was found for the production of transcripts from y4gJ and y4gN (41) and because they had no significant homology to other ORFs, they were not considered further. Flavonoid-inducible transcripts are made from the y4hA locus, which encodes a Ca 2ϩ /H ϩ antiporter, and this locus was also included in the analysis. Finally, although many homologues of ABC transporter genes exist on pNGR234a (as well as in the genomes of other rhizobia) and despite the absence of detectable transcripts, y4gM, which encodes a member of the MsbA subfamily of ABC transporters, was mutated. This subfamily of ABC a Transcript data were taken from Perret et al. (41) . Numbers represent the relative transcription intensity: 0, not expressed; 5, high (but not maximum level). The arrow indicates that a transcript is inducible by flavonoids, with the commencement of induction (in hours) shown in parentheses.
b The predicted location and size of each ORF were taken from the PEDANT analysis website (http://pedant.gsf.de/). c Homology searches were made using the Blastp program (2) at the NCBI website (http://www.ncbi.nlm.nih.gov/BLAST/). The closest homologue is listed, along with the percentages of identity and similarity and then the E value of the homology.
d y4gN has homology to the RpgF family of glycosyl transferases from various streptococci. This family is involved in the synthesis of a rhamnose-containing LPS molecule. The conserved domain is drastically truncated, however.
transporters contains members known to be involved in the export of lipid A from the inner to outer membrane in Escherichia coli (7) .
Role of genes lying in the 87°-110°arc in LPS synthesis. A number of the genes have functions predicted to be involved in polysaccharide synthesis or transport and have been shown to be flavonoid inducible. Demonstration of the parts played in O antigen synthesis by some of the genes was furnished by knocking out eight of the ORFs (rmlB-wbgA, rmlC, y4gM, and y4hA) that lie between NB5 and NB7. All mutants constructed using the omega antibiotic resistance cassettes are collectively called knockout mutants. Two other previously described mutants (NGR⍀fixF and NGR⌬noeE) were also included in the analysis (25, 48) . To test the role of each gene, rhizobia were extracted with hot phenol-water, and the cell-associated polysaccharides were separated by PAGE. LPSs in the gels were visualized using a highly specific silver stain (Fig. 2) . Analysis of the water phase of flavonoid-treated wild-type NGR234 cultures revealed the presence of the rhamnan-containing S-LPS as a dark-staining region that was absent in the control (Fig. 2, aqueous phase, cf. lanes 1 and 2) (48). Noninduced NGR234, in contrast, produces only minor quantities of S-LPS (Fig. 2 , aqueous phase, lane 1), in agreement with earlier studies on the structure of NGR234 LPS produced under noninducing conditions (23) . The rhamnan was still produced by the knockouts in rmlC, y4gM, y4hA, and noeE, whereas deletion of rmlB to wbgA and mutation in fixF abolished rhamnan synthesis, as reported earlier (35, 48) . The presence of rhamnan in the rmlC knockout extractions (Fig. 2 , aqueous phase, lane 5) was unexpected as, based upon its homology, it was thought to be essential for rhamnose synthesis (Fig. 1) , and this implies that NGR234 must possess another epimerase. Some mutants produced very-high-mobility (vhm) R-LPS, as shown in gels containing extracts of both the H 2 O and phenol phases (Fig. 2, both phases, lanes 3 and 6) . Strain NGR⌬rmlB-wbgA produced significant amounts of a single form of vhm-R-LPS, most of which was extracted into the water phase (Fig. 2 . aqueous phase, lane 3), while NGR⍀gM produced at least three distinct forms of vhm-R-LPS that mostly partitioned into the phenol phase (Fig. 2 , phenol phase, lane 6). Minor amounts of vhm-R-LPS were also present in extracts of both phases taken from the mutant NGR⍀rmlC. Significantly, the vhm-R-LPSs were not produced by any of the mutants under noninduced conditions (data not shown), suggesting that flavonoids are required for the synthesis of these polysaccharides. Mutation of NGR⌬noeE and NGR⍀hA had little obvious effect on the distribution of LPSs as seen in PAGE gels. Complex regulation of rhamnan synthesis. The presence of both NB6 and TB2 upstream of genes involved in the synthesis of the rhamnan O antigen suggest that there are multiple regulatory controls on its production. NB6 is found upstream of fixF and puts FixF production under the control of the NodD1-SyrM2-NodD2 regulatory cascade (30) . TB2, which is found upstream of rmlB, has been shown to be required for flavonoid-induced transcription of rmlB and, thus, rhamnose synthesis. TB2 is activated by another regulatory protein, TtsI, which is itself controlled by NodD1 via NB18 (30, 35) . We thus examined production of rhamnan by mutants of these regulatory proteins. Although a fixF mutation blocks rhamnan production, mutants of syrM2 and nodD2 still produce some rhamnan (Fig. 3, lanes 2 and 3) . Rhamnan was not observed in LPS extracts from the TtsI mutant.
Effects of mutations in the 87°-110°arc on symbiotic phenotypes. The phenotypes of each mutant were assayed by inoculating them onto five different hosts of NGR234 (Table 3) (35) . Disruption of the putative ionic transporter y4hA and noeE had no appreciable effects on nodulation relative to the wild-type control ( Table 3 ). The absence of the rhamnan O antigen (in mutants NGR ⌬rmlB-wbgA and NGR⍀fixF) had profound symbiotic effects on M. atropurpureum, T. vogelii, and V. unguiculata. As reported earlier (35) , abolition of rhamnose synthesis led to only nonfixing nodules on T. vogelii and, as shown in this work, NGR⍀fixF was similarly unable to efficiently nodulate this legume. NGR⍀fixF also only produced nonfixing nodules on M. atropurpureum and V. unguiculata, although the phenotype of NGR⌬rmlB-wbgA on these two plants was less severe (Table  3) , with the formation of some pink nodules. Thus, despite the common absence of the rhamnan O antigen, there must be other (symbiotically important) differences between these two mutants. The rmlC mutation had no discernible effects on the nodulation, implying that it is not necessary for symbiotically important modifications to LPS structure (despite its predicted role in rhamnose synthesis).
Closer examination of nodules from plants inoculated with NGR⍀fixF showed that superficially they were similar to those produced by wild-type strain NGR234, yet light and electron microscopic examination revealed slight differences depending on the plant. Nodulation of M. atropurpureum inoculated with NGR⍀fixF was reduced in comparison to the wild type, and the nodules possessed fewer bacteroid-containing cells, which failed to fix nitrogen (data not shown). In contrast, the number of bacteroid-containing cells was appreciably reduced and the cytoplasm of the mutant was extensively degraded (see reference 48).
Mutation of y4gM (NGR⍀gM) resulted in nodulation phenotypes reminiscent of NGR⍀fixF, i.e., Fix Ϫ on M. atropurpureum, T. vogelii, and V. unguiculata. It should be noted that NGR⍀gM is still capable of producing the rhamnan O antigen, however (Fig. 2, lane 6) . The symbiotic effects of the y4gM mutation are surprising, as this ORF is not obviously under flavonoid control, possesses no known upstream cis-acting promoter elements, and no inducible transcripts were detected in earlier, global transcriptional analyses (41) . To shed light on this conundrum, transcription of y4gM was investigated by cloning the intergenic region upstream of y4gM into pMP220 (yielding pMIGB) (see Materials and Methods) ( Table 2) . ␤-Galactosidase activities of NGR(pMIGB) transconjugants were unaffected by the addition of inducers but were about 10 times (650 to 700 Miller units) higher than those found in transconjugants harboring the empty vector [NGR(pMP220)]. These data suggest that y4gM is expressed constitutively at low levels. Demonstration that the effects on nodulation were due to disruption of y4gM was shown by complementing NGR⍀gM with pBR-MZHBgM, a broad-host-range plasmid carrying a DNA fragment that contains y4gM (as well as a fragment of rmlC). The resulting transconjugant, NGR⍀gM(pBR-MZHBgM), was able to induce Fix ϩ nodules on V. unguiculata roots (data not shown). In comparison with the wild type, inoculation of V. unguiculata with NGR⍀gM reduced the number of nodules 8-to 10-fold, and those that formed were white inside. Only a few of the central, cortical cells were infected by the mutant (cf. Fig. 4A and B) . Those cells that were invaded became enlarged (cf. Fig. 4C and D) , and degradation of the cells was evident. Often the bacteroids lacked the peribacteroid membrane (Fig.  4F ) and were embedded in material that resembled the matrix of infection threads. In contrast to bacteroids containing NGR234 (Fig. 4E) , ␤-polyhydroxybutyrate accumulated strongly in bacteroids produced by the mutant. Furthermore, the uninfected cells in nodules produced by the mutant nodules were smaller with amyloplasts containing starch grains (Fig. 4D) .
DISCUSSION
As part of our ongoing studies into rhamnan synthesis and function in free-living bacteria, we have examined in more detail the region delimited by NB5 to NB7 of pNGR234a. Of the 12 ORFs identified in this locus, 6 are predicted (or have 
Results are the means of at least three independent experiments (four Magenta jars per treatment, four plants per jar). Plants were harvested 6 to 8 weeks after inoculation and assessed qualitatively. Leaf color, shoot dry weight, and the presence (or absence) of fixing (pink) nodules per plant were determined at harvest. Inoculated plants with yellow leaves and dry weights similar to those of uninoculated plants were classified been shown) to be involved in the synthesis of the flavonoidinducible rhamnose-rich LPS (rhamnan) (35, 48) . Three others have homology to a transposase (y4gE) or do not match other database entries (y4gJ and y4gN) and were excluded from this study. noeE encodes a sulfyryltransferase that modifies NGR234 Nod factors (25) . There were no apparent changes to somatic antigens of free-living cells resulting from mutation of noeE, and none of the legumes tested demonstrated any requirement for sulfated Nod factors. The protein predicted to be encoded by y4hA has homology to calcium proton antiporters from various bacteria, and the ORF itself is inducible by flavonoids (Table 1) . Given the important role that calcium ions play during symbiosis (11, 14, 20) and that other rhizobial proteins involved in calcium transport are factors of host specificity (10), y4hA was mutated in this study. The mutant, however, did not cause changes in nodulation of the legumes tested, nor did it appear to affect the somatic antigens. A putative LPS-associated cation exporter has been identified in R. leguminosarum bv. viciae (1) which is thought to transport calcium ions out of the cell to the LPS core. y4hA, being a member of the same transporter family, has homology to CpaA (30% identity and 57% similarity over the total protein), yet here too a mutation in cpaA did not affect the somatic antigens. Unlike y4hA, however, cpaA was shown to be constitutively expressed. The role of calcium ions in the stabilization of the LPS core is still unclear. One hypothesis to explain the function (and induction) of y4hA is that as the somatic antigen undergoes flavonoid-induced changes, y4hA adjusts the quantity of calcium ions associated with the core to stabilize the new molecule.
Half of the genes in the NB5 to NB7 locus are involved in the production of the rhamnan O antigen. The absence of this molecule severely affects nodulation of several legume species, but the exact function of the rhamnan is not known. Our working hypothesis is that a change in the surface chemistry of the somatic antigen occurs during the transition of free-living rhizobia to bacteroids, permitting their correct release from the infection thread and survival within the nodule. The rhamnan (if still present on the bacteroid membrane) may protect the rhizobia within the symbiosome compartment from the plant cytoplasm, allowing bacteroidal persistence for extensive periods of time. Nevertheless, we cannot rule out the possibility that the somatic antigen acts as a signal molecule during symbiosis, as has been claimed for the interaction between Azorhizobium caulinodans and Sesbania rostrata (36) . In fact, the rhamnan may have multiple functions, possibly depending upon the plant host, as ultrastructural analyses of nodules produced by NGR⍀fixF show differences, such as variable bacteroid content, between different hosts (48; J. Kopciñska and W. Golinowski, unpublished data).
Based upon sequence homology and carbohydrate analysis, the roles of RmlB, RmlD, and WbgA seem to be to synthesize and, possibly, then polymerize rhamnose residues (Fig. 1) . The exact function of FixF is more difficult to define, however. One possibility is that FixF may be involved in the transfer of dTDP-L-rhamnose to LPSs, forming the O antigens (48) . Yet, FixF may have other functions, such as in the regulation of changes to somatic antigen structure, specific modifications of the somatic antigen core, or even activation of the polymerized rhamnan. It is also possible that FixF could possess several of these activities, which may explain why the symbiotic phenotype of NGR⍀fixF is more drastic than that of NGR⌬rmlB-wbgA (Table 3 ) and why there are important differences in the extracted polysaccharides from these two mutants (Fig. 2) . Furthermore, direct comparisons of NGR⌬rmlB-wbgA and NGR⍀fixF in nodulation tests showed that the effects of two strains that are unable to produce rhamnan varied with the host.
The sixth ORF predicted to be involved in rhamnan production, rmlC, is thought to encode the third enzyme in the rhamnose synthetic pathway (a prediction based upon its homology [ Table 1 and Fig. 1]) . Mutation of rmlC has no effect on the appearance of rhamnan in LPS extracts or on NGR234 symbiosis, however. This suggests that either a second copy of rmlC exists in the NGR234 genome or that another epimerase provides the same function as RmlC. Of the fully sequenced rhizobia, Bradyrhizobium japonicum USDA110 does not contain a rmlC homologue, whereas Mesorhizobium loti MAFF303099 has one copy (35) . The pSymB megaplasmid of Sinorhizobium meliloti 1021 possesses two rmlC homologues (17) and, although rmlC homologues were not detected in the partially sequenced megaplasmid of NGR234 (54) , it is possible that another gene exists in the NGR234 genome. In fact, searching the draft genome sequence of ANU265 (an NGR234 derivative cured of the symbiotic plasmid and thus lacking rmlC) revealed the presence of another putative ORF encoding a dTDP-4-dehydrorhamnose 3,5-epimerase (data not shown).
Transcriptional control of rhamnan synthesis is complicated, with multiple regulatory proteins involved in the process. After flavonoid induction, the following signaling pathways up-regulate the fixF and rmlB-wbgA genes, which are absolutely required for rhamnan production (30, 35) : NodD1 3 SyrM2 3 NodD2 3 FixF, and NodD1 3 TtsI 3 RmlB-WbgA.
Genes regulated this way are thought to be expressed after the bacteria have entered the plant but before they are released into cortical cells of the nodules. One subcellular location that matches these timing patterns is within developing infection threads. The different control mechanisms for induction of fixF and rmlB-wbgA may also explain the observed differences between the NGR⍀fixF and NGR⌬rmlB-wbgA nodulation phenotypes. Mutation of the intermediate regulators of FixF (NodD2 and SyrM2) does not block rhamnan synthesis, although the amount of rhamnan produced is lower in the mutant. It is possible that NodD2 and SyrM2 coordinate rhamnan synthesis with rhizobial release from infection threads, a critical point in the symbiotic interaction.
Perhaps the most surprising result of this study is that a mutation of y4gM affects the symbiotic properties of NGR234 in a manner similar to that of a mutation in fixF, although the production of rhamnan still occurs in NGR⍀gM (Fig. 2) . BacA of S. meliloti, which belongs to the same family of ABC transporters as y4gM, is essential for effective symbiosis with Medicago sativa and has been shown to affect the distribution of fatty acids in LPSs (15) . With the S. meliloti model in mind, it is possible that the lipid A core of NGR234 changes following flavonoid induction in a process that is independent of FixF (23). As a result, both the constitutive and symbiotic species of lipid A accumulate, and y4gM helps transport the symbiotic subset to the exterior of the cells. Mutation of y4gM and, to a lesser extent, rmlC leads to the synthesis of vhm-R-LPSs, in addition to the rhamnan LPS. Although the precise functions of vhm-R-LPSs are not clear, the fact that they are only produced in induced cells suggests that they may play a symbiotic role. The apparent similarities in isolated LPSs from NGR⍀gM and NGR⍀rmlC need to be reconciled with the differences in nodulation phenotypes, however. Ultrastructural analyses of nodules formed by NGR⍀gM showed that only a few plant cells contained bacteroids and that these few bacteroids were aptopic. Other work has shown that the lipid A core of LPS molecules is important for symbiosis, especially for the long-term survival of rhizobia within acidic compartments of plant cells (5, 28, 32) .
It seems clear from this study that modified O antigens are required for effective symbiosis with many legumes. L. leucocephala was the only plant tested that did not show a variable response to any of the mutants. Yet, the exact function of the O antigen rhamnan remains elusive. Hopefully, the next challenges-to determine the structural changes to the lipid A core and the genetic mechanisms that control them-will shed light on both parts of this symbiotically important molecule.
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